ABSTRACT Insect resistance management (IRM) can extend the lifetime of management options, but depends on extensive knowledge of the biology of the pest species involved for an optimal plan. Recently, the Environmental Protection Agency (EPA) registered seed blends refuge for two of the transgenic Bacillus thuringiensis (Bt) corn products targeting the western corn rootworm, Diabrotica virgifera virgifera LeConte. Larval movement between Bt and isoline plants can be detrimental to resistance management for high dose Bt products because the larger larvae can be more tolerant of the Bt toxins. We assessed movement of western corn rootworm larvae among four spatial arrangements of SmartStax corn (expressing both the Cry34/35Ab1 and Cry3Bb1 proteins) and isoline plants by infesting speciÞc plants with wild type western corn rootworm eggs. SigniÞcantly fewer western corn rootworm larvae, on average, were recovered from infested SmartStax plants than infested isoline plants, and the SmartStax plants were signiÞcantly less damaged than corresponding isoline plants. However, when two infested isoline plants surrounded a SmartStax plant, a signiÞcant number of larvae moved onto the SmartStax plant late in the season. These larvae caused signiÞcant damage both years and produced signiÞcantly more beetles than any other plant conÞguration in the study (including isoline plants) in the Þrst year of the study. This plant conÞguration would occur rarely in a 5% seed blend refuge and may produce beetles of a susceptible genotype because much of their initial larval development was on isoline plants. Results are discussed in terms of their potential effects on resistance management.
Information on the movement potential of larvae of the western corn rootworm, Diabrotica virgifera virgifera LeConte, is relatively well understood for a soil insect. Movement through the soil is affected by soil bulk density (Strnad and Bergman 1987a) , soil moisture (Macdonald and Ellis 1990) , and macropores in the soil (Gustin and Schumacher 1989) . If a newly hatched western corn rootworm does not locate a suitable host within 24 h, its likelihood of surviving to the adult stage is signiÞcantly decreased (Branson 1989) . Distance to host plants can also affect establishment. Plant damage and lodging were reduced when artiÞcial infestation was farther (Ͼ22.5 cm) from the plant when compared with infestation closer (7.5 or 15 cm) to the plant (Chaddha 1990 ). Other factors also inßuence larval movement. For instance, western corn rootworm larvae are highly attracted to carbon dioxide (Strnad et al. 1986, Hibbard and Bjostad 1988) that is released from respiring roots (Massimino et al. 1980) . Additional contact cues from roots trigger a localized search behavior when larvae are removed from the host and this localized search behavior is not triggered by nonhost roots Dunn 1990, Bernklau et al. 2009 ).
Larval movement is not complete when the neonate reaches a suitable host plant. Strnad and Bergman (1987b) demonstrated that later instar larvae redistribute, moving to younger root whorls that emerge from the stalk as the plant develops. Larval feeding on these root whorls as they begin elongation from the stalk is responsible for their pruned appearance. The extent of western corn rootworm larval movement that occurs between plants and rows within a corn Þeld after initial establishment was Þrst evaluated by Hibbard et al. (2003) . They found that larval movement from highly damaged, infested plants to nearby plants with little to no previous root damage occurred and that row spacing, but not plant spacing, signiÞ-cantly affected this movement. Hibbard et al. (2004) further evaluated the effect of egg density on establishment and postestablishment larval movement and damage to corn. Initial establishment on a corn plant was not density-dependent because a similar percentage of larvae were recovered from all infestation rates. Plant damage and, secondarily, subsequent larval movement were density-dependent. Very little damage and movement occurred at lower infestation rates, but signiÞcant damage and movement occurred at higher infestation rates. Movement generally occurred at a similar time as signiÞcant plant damage and not at initial establishment, so timing of movement appeared to be motivated by available food resources rather than crowding. Hibbard et al. (2005) evaluated larval movement in non-Bt (Bacillus thuringiensis) corn plots, MON863 transgenic corn expressing the Cry3Bb1 protein, and two types of possible seed-blend scenarios. The number of western corn rootworm larvae recovered from MON863 plants adjacent to infested, isoline plants was low and not statistically signiÞcant either year. The study showed that both neonate and later instar western corn rootworm larvae preferred isoline roots to MON863 roots when a choice was possible. However, when damage to the infested isoline plant was high, western corn rootworm larvae apparently moved later in the season to neighboring MON863 plants and caused signiÞcant damage (Hibbard et al. 2005) . Although extractable Cry3Bb1 decreased from V4 to V9 stage corn , no signiÞcant difference in activity against neonate western corn rootworm larvae was noted between V3 and VT stage corn (Ritchie et al. 1992 ) from MON863 ) or mCry3a (Frank et al. 2011) . Meihls et al. (2008) evaluated the development of resistance to Cry3Bb1 (MON863) corn under full transgenic rearing (constant Bt exposure) and two types of seed-blend scenarios (early and late Bt exposure) in the lab or greenhouse. Full rearing on MON863 led to resistance within three generations. Selection for resistance when Þrst instar larvae fed on isoline corn and third instars fed on MON863 (second instars fed on both) led to the development of resistance within six generations of selection (Meihls et al. 2008) . The Þeld resistance ratio for this colony was reduced to 3.6 instead of 11.7 for the colony reared fully on MON863 as larvae. The resistance ratio of the colony simulating movement of neonate larvae from MON863 to isoline corn was 0.3 indicating this colony was more susceptible to MON863 in no choice Þeld experiments than the control colony (Meihls et al. 2008) . Gassmann et al. (2011) reported the Þrst case of Þeld evolved resistance of the western corn rootworm to Cry3Bb1 in Iowa. They found signiÞcantly higher survival of western corn rootworm larvae on Cry3Bb1 when from "problem" Þelds where farmers had reported severe root injury to Cry3Bb1 plants than when from control Þelds (Gassmann et al. 2011) . Interestingly, western corn rootworm larvae from the problem Þelds did not survive on Cry34/35Ab1 any better than those larvae from control Þelds (Gassmann et al. 2011) . The registration of a seed blend refuge for PioneerÕs Optimum AcreMax RW transgenic corn expressing the Cry34/35Ab1 protein (Environmental Protection Agency [EPA] 2010) and registration of seed blends for SmartStax seed by Monsanto Company and Dow AgroSciences (EPA 2011) , raise questions concerning larval movement and the potential for seed blends to affect the development of resistance. SmartStax transgenic corn expresses two rootworm traits including Cry34/35Ab1 and Cry3Bb1 proteins. These traits are expressed throughout the plant during all stages of corn development. Larval movement between Bt and isoline plants can be detrimental to high-dose Bt products because the larger larvae are generally more tolerant of the Bt toxins and there is a greater potential for heterozygote individuals to survive. It is uncertain how larval movement between Bt and isoline plants will affect insect survival on moderate dose Bt toxins, but an understanding of larval movement is a Þrst step. The purpose of this study was to evaluate western corn rootworm larval movement, damage, and survival in a SmartStax seed blend scenario.
Materials and Methods
The experiment was conducted at the Bradford Research and Extension Center nine km east of Columbia, MO. In both years, the Þeld had been planted to soybeans (Glycine max L.) the previous year. We assumed the Þelds did not have a background western corn rootworm population because central Missouri does not yet have the rotation-resistant population (Gray et al. 2009 ). The experiment was planted on 15 May 2010 and 4 May 2011. Hybrid seed was obtained from Monsanto Company and the same hybrid and seed lots (NB510 QQRA [SmartStax] and NB510 HTTZ [isoline seed]), each with glyphosate tolerance were used in both years. The experimental unit for this study was a subplot consisting of three consecutive corn plants each spaced Ϸ15 cm apart. The experimental design was a randomized complete block arranged in a split-split-plot (larval recovery and plant damage) or a split-plot design (beetle emergence) as outlined in Steel et al. (1997) in which the factors were arranged by a 8 ϫ 5 ϫ 2 for larval recovery (treatment ϫ sample date ϫ plant); 8 ϫ 2 ϫ 2 for plant damage (treatment ϫ sample date ϫ plant); and 8 ϫ 2 for beetle emergence (treatment ϫ plant). The eight treatments consisted of four combinations of SmartStax and isoline corn and two positions for rootworm egg infestations (at either the center or both end plants) each with Þve replications (Fig. 1 ) in 2010 and 2011. Each subplot had three consecutive plants that were either all SmartStax (treatments 1 and 5), all isoline (treatments 2 and 6), an isoline center plant surrounded by two SmartStax plants (treatments 3 and 7), or a SmartStax center plant surrounded by two isoline plants (treatments 4 and 8) (Fig. 1) . Each three-plant subplot was either three plants in a straight row for treatments 1, 2, 5, and 6, or a kernel of the opposite type (either SmartStax or isoline) was slightly offset from the row between plants for treatments 3, 4, 7, and 8 (Fig. 1) . Subplots in the same row were separated by at least 150 cm. All larval sampling (2010) or 9 (2011) kernels of the opposite plant type were hand planted and marked with a stake just outside the row for each replication. The 9 (2010) and the 4 (2011) subplots with the most uniform plant spacing were chosen from the 15 (2010) or 9 (2011) potential subplots. It was usually necessary to remove the middle plant within the original row at the time the subplots with the offset seed were chosen for treatments 3, 4, 7, and 8. Plants in the original row were machine planted. To assure each SmartStax plant expressed rootworm-targeted genes, gene check strips (EnviroLogix, Portland, ME) were used to verify that all 540 SmartStax plants used in the 2010 study expressed Cry3Bb1. In addition, a random sample of 45 SmartStax plants were also evaluated for Cry34Ab1. Finally, Þve isoline plants were also evaluated for Cry3Bb1 and Cry34Ab1. In 2011, all 240 SmartStax plants were tested for the Cry3Bb1. All gene checks conÞrmed the presence of the targeted genes for both years. For treatments 1, 2, 3, and 4 the center plant of each subplot was infested and for treatments 5, 6, 7, and 8, the two end plants were infested (Fig. 1) . The location of infestation ( Fig.  1) was chosen so that larvae were forced to move through the infested plant before reaching any other plants in the subplot (with the possible exception of treatments 1 and 2). Approximately 1,700 western corn rootworm eggs were used for each infested plant. Viability averaged 76.5%, so there were Ϸ1,300 viable eggs per plant infested in 2010. In 2011, viability averaged 77.5%, so viable eggs infested closely matched 2010. Natural western corn rootworm egg infestations of 12.2 ϫ 10 7 eggs per ha have been documented (Pierce and Gray 2006) , which is Ͼ2,800 eggs per 30.5 cm of maize row. The amount of damage that 1,300 viable eggs typically cause is equivalent to a moderate infestation (Hibbard et al. 2004 ). Eggs were placed Ϸ10 cm deep and Ϸ2.5 cm from the plant base. Plants were infested at ϷV2Ð3 (Ritchie et al. 1992 ) on 8 June 2010 and 18 May 2011. Wild type eggs were obtained from French Ag. Research, Lamberton, MN, and were originally from Dodge City, KS. In 2010, wild type eggs (700,000) were augmented with 60,000 eggs from the primary diapausing strain from the USDAÐARS laboratory in Brookings, SD, to reach the target number of eggs needed for the study. The Brookings strain causes similar damage in the Þeld to wild type strains (Hibbard et al. 1999) and is genetically similar to Þeld strains (Kim et al. 2007 ). Subplots were infested as described in Fig. 1 , except in 2010 the adult emergence plots had only one of the two end plants infested (the north plantÐrow direction was north/south) because of insufÞcient egg numbers and the size of emergence cages. In adult emergence subplots where the end plant was to be sampled, the north plant was always sampled in 2010. This difference in infestation locations between 2010 and 2011 is illustrated in Fig.  2 . One additional difference between years was that on 3 July 2011, large hail destroyed most corn leaves and knocked over many plants resulting in premature death of many of the corn plants. Plants eventually grew out of the damage and appeared mostly normal later in the season.
Degree-days (DD) were used to time sampling dates and began accumulating the day of infestation. They were calculated from the average 24 h bare soil temperature at a depth of 5 cm and subtracting the developmental threshold of 11.1ЊC (Wilde 1971 , Levine et al. 1992 for each day, though DD could not be negative. Temperatures were obtained from the University of Missouri commercial agriculture automated weather station located at the Bradford Research and Extension Center, where the trials were conducted.
Larval Recovery. Larvae were sampled on Þve sample dates in 2010 with the Þrst sample taken on 8 June, after Ϸ330 DD, when Ϸ90% egg hatch had occurred. Planting and infestation combinations used in the eight treatments. In treatments 1Ð4 the center plant was infested with western corn rootworm eggs and in treatments 5Ð8 the end plants were infested with the exception of the adult recovery subplots in 2010 where only one end plant was infested. In treatments 3 and 4 the middle seed was planted slightly off center so the larvae, once hatched, would have to travel through the roots to reach another plant.
Sampling dates then followed every 4 Ð5 d. All three plants in each subplot were destructively sampled. Using techniques similar to Hibbard et al. (2004) , the top of the plant was cut Ϸ30 cm from the ground, the root ball and surrounding soil were extracted with the aid of a four pronged garden fork, and each root ball was carefully placed in a mesh bag in an attempt to keep the soil structure intact. The mesh bags containing roots, soil, and larvae were hung in the greenhouse with the cooling system turned off for ϳ1 wk. Afternoon temperatures in the greenhouse averaged 40.4 Ϯ 0.6ЊC from 1300 Ð1600 h for all larval sample dates and the daily temperatures (including evenings) averaged 28.51 Ϯ 0.40ЊC, 30.13 Ϯ 0.54ЊC, 31.68 Ϯ 0.48ЊC, 33.24 Ϯ 0.64ЊC, 29.71 Ϯ 0.47ЊC for the Þrst, second, third, fourth, and Þfth larval sample time, respectively. As the soil dried, the larvae crawled out of the hanging bags and fell into plastic pans (35.5 cm diameter) Þlled with Ϸ5 cm of water. Larvae were collected at least twice a day and were stored in 95% ethanol until they could be processed. During processing, each larva recovered was closely examined for the presence of urogomphi, small appendages on the posterior margin of the anal plate, which are only present on southern corn rootworm larvae (Krysan 1986 ). Any southern corn rootworm larvae found were counted and discarded. The western corn rootworm larvae from each sample were counted and head capsule width measurements taken. In 2011, larval samples were not taken.
Plant Damage. Roots in subplots designated for damage evaluations were dug, washed, and rated for damage using the node injury scale (Oleson et al. 2005) . Two sets of subplots were evaluated each year.
In 2010, the Þrst set was taken on 30 June (Ϸ700 DD) when damage to isoline roots had likely peaked based upon the number and size of larvae recovered from the Þnal larval sampling date 5 d earlier. The Þrst western corn rootworm beetles emerged on 2 July 2010. A second set of damage evaluations for all treatments were taken on 15 July 2010 (Ϸ950 DD). The delay accounted for a potentially slower development of western corn rootworm larvae expected on the transgenic roots ). In 2011, the Þrst damage evaluation sample was taken 11 July (Ϸ530 DD) and the second sample was taken later at 25 July (Ϸ670 DD).
Adult Recovery. To ensure collection of emerging adults, emergence traps were placed over the corn on 22 June 2010 and 23 June 2011, which was well before the Þrst predicted western corn rootworm adult emergence of Ϸ700 DD as calculated by DD models (Wilde 1971 , Levine et al. 1992 . In 2010, emergence traps were placed over either the north or center plant of the three plant subplots. Because of plant spacing issues, only the north or center plant of each subplot was used and the number of adult emergence subplots was doubled to account for this. Emergence trap design was adapted from Hein et al. (1985) with modiÞcations from Pierce and Gray (2007) . Dimensions were 76.2 ϫ 45.7 cm. Emergence traps consisted of a wooden frame covered in wire mesh with two holes cut into the center wooden support where the plant is pulled though one hole and tied off using a gauze sock and cable tie. A funnel was placed into the second hole and a jar Þtted opening side down over the funnel. A metal trim protruded below the wooden frame Ϸ5 cm into the soil. The long portion of each trap always . In 2010, only one plant was infested, either the center or the north plant. In 2011, in treatments 1Ð4, the center plant was infested, while in treatments 5Ð8 both ends plants where infested. Dimensions of the trap were 76.2 ϫ 45.7 cm and the plant spacing is 19.05 cm. In some subplots where the emergence trap was placed over the center plant, the end plant above ground portion was destroyed to accommodate the size of the emergence trap.
August 2012 ZUKOFF ET AL.: ROOTWORM LARVAL MOVEMENT IN A SEED BLEND REFUGEprotruded half into each inter-row (Hein et al. 1985) , except in 2011 for the blended plots where the center plant was sampled in which the long end of each trap was parallel with the row (Fig. 2) . In the 2010 plots, adult emergence subplots had only one plant that was infested per subplot for all treatments (the north end or center plants), because of insufÞcient numbers of eggs. This also allowed sampling of the center plants in such a way that any excess portion of the emergence cage was on the south side in 2010, which was not infested that year (Fig. 2) . In 2011, a sufÞcient amount of eggs where attained that allowed for both the center or the north and south plants in the adult subplots to be infested for treatments 5Ð 8. In all situations, emergence traps were situated such that they protruded into the zone of the other subplot plants as little as possible (Fig. 2) . Adult emergence traps were kept over the plants until 2 wk after the last adult was collected. Both southern corn rootworm, D. undecimpunctata howardi Barber, and western corn rootworm were collected two to three times a week for the duration of the adult sampling period. Southern corn rootworm beetles were counted and discarded. Total number, head capsule width, sex, and dry weight of western corn rootworm beetles recovered from each plant were recorded. Statistical Analysis. PROC MIXED of the SAS statistical package (SAS Institute 2008), was used for data analysis. The random effects in the mixed model were treatment, replication, and sample time and the Þxed effect was plant. For larval recovery, larval dry weight, and plant damage the linear statistical model contained the main plot effect of treatment, the subplot effect of sample, the subsub plot of plant (center or end plant), and all possible interactions. Data from the two end plants of each plot were averaged before analysis. Replication ϫ treatment was the denominator of F to test treatment. Replication within treatment and sample date was the denominator for sample time and treatment ϫ sample time. Plant and all other effects used the residual error for the denominator of F. Although the tables show the untransformed data, data were transformed by square root (x ϩ 0.5) to meet the assumptions of the analysis. Beyond the standard analysis of variance (ANOVA), we preplanned comparisons of treatment within sample times and between sample times within treatment. This was done with the t-test output from PROC MIXED. For beetle emergence and beetle average dry weight, the linear statistical model contained the main plot effect of treatment and the subplot of plant (center or end plant), and the interaction of treatment ϫ plant. This was done with the t-test output from PROC MIXED. Beetle emergence data were further analyzed by estimating the ordinal date (sometimes called Julian date) for 50% beetle emergence among plants within each treatment and the 95% CIs of this point. Data were averaged across replications and beetle sex. Treatments 1 and 5, with all SmartStax plants, were excluded from the adult weight and head capsule width data analysis because too few beetles emerged from these treatments. PROC PROBIT of the SAS statistical package (SAS Institute 2008) was used to calculate 50% emergence from observed cumulative emergence both years in ordinal dates. Finally, PROC GLIMMIX was used to analyze sex ratio of the beetles produced from each treatment and plant using a logit link function and a binomial distribution. Because the total number of beetles emerged from SmartStax corn was small, a factor of 0.0001 was added to the total beetles from each single plant emergence cage to enhance convergence of the analysis.
Results
Larval Recovery. The number of larvae recovered from the SmartStax plant from treatment 8, which was surrounded by two, infested isoline plants (Fig. 1) , was signiÞcantly greater on the later sample dates than the Þrst sample date (Tables 1 and 2 ), documenting signiÞcant larval movement from isoline plants to SmartStax plants. The only other SmartStax plants with similar data were the end plants from treatment 3 that were also adjacent to an infested isoline plant ( Fig. 1 ; Table 2 ). Larval recovery data from other plants indicated western corn rootworm larvae also moved from infested SmartStax plants to neighboring isoline plants. The number of larvae recovered from isoline plants adjacent to infested SmartStax plants in treatments 4 and 7 (Fig. 1) increased signiÞcantly from the Þrst to third sample date while the number of larvae recovered from the infested SmartStax plant in the same treatment did not increase signiÞcantly (Tables  1 and 2 ). In each of these two treatments, western corn rootworm larvae were required to move through a SmartStax root system before encountering the isoline plant (Fig. 1) . Overall, the number of larvae recovered on the third sample date was signiÞcantly greater than the number of larvae recovered from all other sample dates when data for all treatments and plants were combined ( Table 2 ). The date with the fewest number of larvae recovered was the Þnal sample date (i.e., the Þfth sample), when many of the larvae had pupated (the Þrst western corn rootworm beetles were collected from this experiment just 3 d later).
Larval head capsule widths differed between treatments and between sample dates (Table 1 and 3) . The infested Bt plant from treatment 1 that was surrounded by uninfested Bt plants had the smallest head capsule widths overall when all sample dates were combined (Table 3) . In treatment 3, the infested, center isoline plant had smaller head capsule widths than the uninfested surrounding Bt plants (Table 3 ), yet there was no signiÞcant difference overall between the infested, center Bt plant and the surrounding uninfested isoline plants in treatment 4 (Table  3 ). There was a signiÞcant difference in the overall head capsule widths of larvae recovered from the uninfested center isoline plant and the infested Bt plant of treatment 7, yet there was no signiÞcant difference between the uninfested center Bt plant and the surrounding infested isoline plants in treatment 8 (Table 3) . Plant Damage. The overall level of damage in 2010 to isoline plants was greater than damage in 2011, although most trends were similar across both years (Fig. 3) . In 2010, plant damage ratings of the SmartStax plants were signiÞcantly lower than damage ratings of all infested isoline plants on the second sample date (Fig. 3A) . Apparently, this damage occurred later in the season than most of the damage to isoline plants. Treatments 5, 6, 7, and 8 were infested on the sides of the end plants away from the center plant of the three-plant subplot (Fig. 1) , so any western corn rootworm larval damage found on the center plant was likely result of larval movement from the infested end plants. Because the overall number of southern corn rootworm beetles recovered from adult emergence subplots was signiÞcant (45% of all beetles in 2010 and 56% in 2011) and there was no signiÞcant difference between treatments in terms of the number of southern corn rootworm beetles recovered (see below), we must assume that some of the damage seen in Fig. 3 is because of feeding from southern corn rootworm larvae and that this damage was evenly distributed among treatments. Trends in 2011 were similar to the 2010 data (though with less overall damage) with the exception that the uninfested Bt plant in treatment 8 had signiÞcantly less damage than the surrounding infested isoline plants on both sample dates ( Fig. 3B ; Table 1 ). Adult Recovery.Western Corn Rootworm. Overall, the number of western corn rootworm beetles recovered from the SmartStax plants was low compared with the number of beetles recovered from the isoline plants in both years of the study (Fig. 4) . When a seed blend including isoline plants was included among the three-plant plot, nominally more western corn rootworm beetles always emerged than in plots with just SmartStax plants (Fig. 4) . In 2010, both treatments where a SmartStax plant was surrounded by two isoline plants (treatments 4 and 8) produced signiÞcantly more beetles from the SmartStax plant than SmartStax plots without any isoline plants (Fig. 4A) . In fact, the SmartStax plant in treatment 8 produced signiÞcantly more western corn rootworm beetles than emerged from any other plant in any treatment in 2010 (Fig.  4A) . Egg placement forced any western corn rootworm beetles found on this plant to move through the roots of an isoline plant before reaching the SmartStax plant (Fig. 1) . In 2010 and 2011, beetle emergence from treatment 7 (the isoline plant surrounded by two infested Bt plants), where larvae were forced to move through a SmartStax plant before any potential movement to the center isoline plant (Fig. 1) was not signiÞcantly different than beetle emergence from treatment 1 or 5, where all plants were SmartStax (Fig.  4) . Western corn rootworm beetle emergence from isoline plants depended upon which plants were infested and which plants were adjacent (Fig. 4) .
In 2010 and 2011, the ratio of males to females recovered from the adult emergence subplots did not differ signiÞcantly between treatments, plants, or in the interaction of treatment ϫ plant (Table 1) . Average head capsule width of beetles did not differ signiÞcantly between treatments, plant within treatment, or their interaction in 2010 and 2011 (Table 1) . Adult dry weight was signiÞcantly impacted by the interaction of treatment by plant in 2010 and by treatment in 2011. Overall, adult dry weight was variable and patterns were not consistent between years (Fig. 5) .
Time in ordinal days to 50% beetle emergence in 2010 for both plant types in treatment 7 was signiÞ-cantly delayed in relation to most other treatments including both plant types for treatments 2, 4, 6, and 8 as indicted by non overlapping 95% CIs (Table 4 ). In 2011, the time to 50% emergence for uninfested end Bt plants for treatment 3 occurred at an ordinal date of 201.15 (95% CI 198.74 Ð203.46 ) that was a signiÞcant delay from all other treatments as indicated by the nonoverlapping 95% CIs (Table 4) . Beetle emergence from straight SmartStax subplots (treatments 1 and 5) in both years and the infested Bt plant of treatment 7 The lower case letters indicate signiÞcance within rows and uppercase letters signiÞcance within columns (P Ͻ 0.05) using FisherÕs LSD test.
in 2011 was too low for accurate calculation of 50% emergence.
Southern Corn Rootworm. The overall number of southern corn rootworm beetles recovered from the emergences traps was large, accounting for 45% of the total beetle emergence in 2010 and 56% of total emergence in 2011. In both years, there was no signiÞcant difference was found in the number of southern corn rootworm beetles recovered between treatments, plant within treatment, or their interaction ( Table 4 ), suggesting that SmartStax was not effective in managing the southern corn rootworm under the conditions of this experiment.
Discussion
As in all previous research focused on postestablishment larval movement by western corn rootworm (Strnad and Bergman 1987b; Hibbard et al. 2003 Hibbard et al. , 2004 Hibbard et al. , 2005 , movement from plant to plant also occurs in SmartStax seed blend scenarios (Figs. 3 and 4) . In susceptible (non-Bt) corn, western corn rootworm larvae will initially establish on roots that are available near where they hatch and then move to younger nodes of roots as they emerge from the side of the stalk when larvae are older (Strnad and Bergman 1987b) . These newly emerging nodal roots are not only preferred by older western corn rootworm larvae, but may also be required for completion of development to the adult stage Frank et al. 2011 ). In the current study, signiÞcantly more western corn rootworm beetles emerged from an uninfested SmartStax plant that was adjacent to two isoline plants than any other plant from any treatment in 2010 (Fig. 4A) . Plants from this same treatment were the only SmartStax plants with damage ratings that did not differ signiÞcantly from most of the isoline plants on the second damage sample date in 2010 (Fig. 3A) , although these plants had much less damage than isoline plants on the Þrst sample date. Overall, western corn rootworm larval movement from isoline plants to SmartStax plants was clearly documented (Tables 1  and 2 ; Figs. 3 and 4) , though the plant conÞguration where damage to and emergence from SmartStax was the highest (in 2010 in treatment 8) would occur only 0.24% of the time in a 5% seed blend and 0.9% of the time in a 10% seed blend. More larval movement between SmartStax and isoline corn and vice versa appeared to take place than a similar study between Cry3Bb1 plants and isoline plants conducted in 2001 in and 2002 in (Hibbard et al. 2005 . In that study, larval movement from isoline to Cry3Bb1 was not detected in larval sampling and apparently occurred later than the current study because primarily picked up during the second sample date for plant damage. In addition to movement from isoline to SmartStax plants, significantly more larvae were recovered from uninfested isoline plants adjacent to infested SmartStax plants on the third sample date than on the Þrst sample date for both treatments 4 and 7, documenting that western corn rootworm larvae also moved from SmartStax plants to isoline plants (Table 2) . Overall, movement by western corn rootworm larvae clearly took place in both directions, but adult emergence from and damage to SmartStax plants was not as great in 2011.
Overall, damage did not exceed an average rating of 1.2 in 2010 or 0.8 in 2011 on the node injury scale (Oleson et al. 2005) for any plant (Fig. 3) , so damage was not extreme even to isoline plants in this trial. In fact, with damage ratings Ͻ0.8 in 2011, density-dependent mortality was likely low (Hibbard et al. 2010) and movement to SmartStax was likely not forced by larvae searching for food (Hibbard et al. 2004) . Plants expressing Cry3Bb1 (and perhaps Cry34/35Ab1) are also less preferred by western corn rootworm larvae than isoline corn (Clark et al. 2006) , and movement to these plants would be expected to be less than to isoline plants (Hibbard et al. 2005) .
The main criteria for whether movement by western corn rootworm larvae between isoline and SmartStax plants will inßuence the development of resistance is whether or not selection for resistance is taking place. If, for instance, all larvae that moved from isoline to SmartStax plants were third instars, and all survived this movement because third instar larvae can tolerate the levels of Cry proteins in SmartStax plants, then selection for SmartStax resistance would be minimal and the effect on resistance management would be primarily positive (additional susceptible beetles would be emerging from within the SmartStax Þeld). For plants expressing Cry34/ 34Ab1, survivorship to the adult stage of third instars (reared previously on isoline corn) was 65% as compared with 0.5% survivorship of neonate larvae to the adult stage (Binning et al. 2010) , supporting the suggestion of a reduced effect of late larval movement from isoline to transgenic corn on selection. As indicated in Tables 1 and 2 , the likely time frame that many of the larvae moved from infested isoline plants to SmartStax plants in treatment 8 was between the second and third larval sample dates. The range of head capsule widths of second instar larvae on susceptible corn was between 0.30 and 0.38 mm (Hammack et al. 2003) . Larvae recovered from SmartStax plants on the third sample date averaged 0.38 mm for treatment 8 (Table 2) , so it was likely a mixture of second and third instar larvae moved, but with more second than third instars.
In Meihls et al. (2008) , when western corn rootworm larvae were reared on isoline corn for 1 wk and then reared on Cry3Bb1 corn (Late exposure colony) for the remainder of larval development, this colony did develop resistance, but it developed more slowly than larvae that were reared completely on Cry3Bb1 expressing corn (Constant exposure colony). Larvae that were exposed to Cry3Bb1 corn, but could crawl off and Þnish their development on isoline corn (Neonate exposure colony) did not develop resistance when assayed in a no-choice experiment with only Cry3Bb1 corn (Meihls et al. 2008) . Binning et al. (2010) showed that neonate survival on Cry34/35Ab1 corn was Ϸ33% of isoline survival after 17 d, and the same 33% recovered and developed to adulthood when they were transferred to isoline corn. After 17 d on Cry34/35Ab1 or isoline the percentage of larvae that were Þrst, second, or third instars was 61, 36, and 3% on Cry34/35Ab1 and 1, 15, and 84% on isoline corn. This difference has been suggested as a monitoring tool to detect resistance (Nowatzki et al. 2008) . It is unclear how the neonate exposure selection scheme of Meihls et al. (2008) or Binning et al. (2010) relates to larvae that initially developed on Bt corn and then moved to isoline corn in treatment 4 and 7 of the current experiment. Recently moved larvae in the current experiment were recovered on the lower end of the second instar head capsule width natural variability, averaging 0.34 mm for treatment 4 and 0.32 mm for treatment 7 (Table 2 ). More larvae were also sec- ond instars than in Binning et al. (2010) . It is uncertain to what degree, if any, resistance would develop in those larvae exposed to the Bt toxins for longer periods.
One of the charges for the December, 2010 EPA ScientiÞc Advisory Panel, which considered issues associated with a potential SmartStax seed blend refuge, was on the percentage of males emerging in a seed blend situation (EPA 2011) . Apparently, reduced male emergence had been found in some seed blend situations. Based on data they were provided, the EPA ScientiÞc Advisory Panel also concluded that males produced from SmartStax 5% refuge in a bag may be less Þt than those produced from non seed blend Þelds (EPA 2011 ). In the current study, there was no signiÞcant difference in percent male emergence between treatments, plants, or in the interaction of treatment and plant (Table 3) , so reduced male emergence was not an issue under our conditions. Average adult head capsule width of beetles did not differ signiÞ-cantly between treatments, plant within treatment, or their interaction for either year (Table 3) suggesting equal Þtness of beetles emerging SmartStax and isoline.
The urogomphi trait of the southern corn rootworm larvae is not always present (Hibbard et al. 2005) . The proportion of southern corn rootworm larvae identiÞed versus western corn rootworm larvae, as indicated by larvae with urogomphi, was smaller than the proportion of southern corn rootworm adults recovered versus western corn rootworm adults recovered. This indicates that some of the larvae in Tables 1 and 2 were likely southern corn rootworms. The difference may not have affected the results overall because the amount of southern adults recovered did not differ between treatments. Given that the number of southern corn rootworm beetles that emerged during both years of the study was quite substantial, it is possible that larval-larval competition inßuenced the results in some way. Because southern corn rootworm beetle emergence did not differ between treatments and they emerged earlier than western corn rootworm beetles, on average, for this experiment, it is also possible that southern corn rootworm larvae opened up access to portions of the root that express lower levels of Bt (it is known that protein expression, including Bt are expressed to a greater extent on the outside of roots).
In summary, western corn rootworm larvae will move from isoline to transgenic and transgenic to isoline in SmartStax seed blend scenarios. In rare situations where a SmartStax plant is surrounded by two isoline plants, late western corn rootworm larval movement to SmartStax plants may produce signiÞ-cantly increased damage ratings and beetle emergence compared with SmartStax plants surrounded by SmartStax plants. In general, though, damage to and beetle emergence from SmartStax plants in the most common seed blend scenarios were not signiÞcantly different than damage and beetle emergence in purestand SmartStax plots. The 2010 EPA ScientiÞc Panel concluded that a 5% SmartStax seed blend would have comparable durability to SmartStax planted with a 5% structured refuge for western corn rootworm resistance management (EPA 2011) . We can Þnd nothing in the current study related to larval movement that would refute that conclusion. Selection of insect col- onies using seed blends may be needed to assess their long-term success.
